Expression of the p75 neurotrophin receptor (p75 NTR ) in primary melanomas is associated with deeply invasive lesions. In turn, there is expression of high levels of neurotrophins at the invasion front of normal tissue adjacent to brain metastases, thus implicating this growth factor-receptor system in melanoma tumorigenesis. The neurotrophins nerve growth factor (NGF) and neurotrophin-3 (NT-3) are potent chemotactic agents for human melanoma cells which express p75 NTR in vitro. Here we show that the actin-bundling protein fascin specifically interacts with p75 NTR in an NGF-dependent manner by coimmunoprecipitation and colocalization in melanoma cells that express the two proteins endogenously. In addition, expression of a fascin point mutant at the serine phosphorylation site (serine 39) regulating actin binding abrogates neurotrophin-induced migration. These results suggest a causal role for NGF-mediated dephosphorylation of serine 39 on fascin in mediating actin binding and subsequent melanoma cell migration.
Introduction
During the radial growth phase stage of cutaneous malignant melanoma, the cells grow primarily in a horizontal direction, remaining within or near the epidermis. As the tumor progresses, cells begin to grow into the dermis where they enter a histologically defined vertical growth phase that heralds the onset of metastatic capacity. Invasion through the dermis is associated with reinduction of the expression of certain antigens associated with earlier stages of normal melanocyte development. One such antigen is the p75 neurotrophin receptor (p75 NTR ), one of the earliest proteins to be expressed by migrating neural crest stem cells during development, even before they are committed to entering any cell differentiation lineage. p75
NTR is a membrane glycoprotein that binds all neurotrophins identified to date, but its biological role in mediating the effects of this family of growth factors is not well defined. In addition to forming a high-affinity binding site when coexpressed with trk receptors (Barker and Shooter, 1994; Verdi et al., 1994; Ryden et al., 1997; Bibel et al., 1999) , recent evidence has suggested that p75 NTR may also act autonomously to activate signaling cascades involved in apoptosis, mediated either through the generation of ceramide by sphingomyelin hydrolysis or through Traf6 (Dobrowsky et al., 1994; Dobrowsky et al., 1995; Khursigara et al., 1999) . Other studies have shown that activation of p75 NTR by nerve growth factor (NGF) causes the translocation of NF-kB to the nucleus and promotes cell survival (Carter et al., 1996; Bhakar et al., 1999) . More recently, with the identification of an interaction between p75 NTR and the small GTPase Rho (Yamashita et al., 1999) , a possible role for p75 NTR in mediating cytoskeletal reorganization was suggested.
Roles for the neurotrophins in cytoskeletal reorganization have been implied based on their critical regulation of neurodevelopment and adult neuroplasticity, including the promotion of axonal and dendritic arborization in vivo (McAllister et al., 1999) , the regulation of neuronal filopodial protrusion (Connolly et al., 1985; Gallo and Letourneau, 1998) , and as chemoattractants for extending growth cones in vitro. p75 NTR in turn is expressed on neurons that project axons over long distances, such as spinal motor neurons, in some sympathetic and sensory neurons in the peripheral nervous system, as well as cerebellar Purkinje cells and retinal ganglion cells. Although these molecules have been extensively studied for their role in neuronal development, they also have a described role in other non-neuronal derivatives of the neural crest, including proliferating melanocytes and their malignant counterparts, melanoma cells. p75 NTR but not trk receptors are expressed at high levels by some melanoma cells in vitro, and NGF and neurotrophin-3 (NT-3) are potent chemotactic agents for these cells (Marchetti et al., 1993; Nicolson and Menter, 1995; Marchetti et al., 1996; Marchetti and Nicolson, 1997a, b) , suggesting that the chemotactic response to the neurotrophins in these cells is mediated by p75 NTR (Iwamoto et al., 1996) . More recently, expression of several neurotrophin family members and p75 NTR have been reported in 50-80% of melanomas studied, with more cells expressing p75 NTR in the vertical growth phase than in the radial growth phase. However, none of these studies identified the intracellular proteins transducing the migratory signal through p75 NTR .
To elucidate further the role of p75 NTR in melanoma cell migration, we carried out a yeast two-hybrid screen to determine the intracellular molecules mediating its effects. This screen led to the identification of the actinbundling protein fascin as a specific cytoplasmic interactor with p75 NTR . Here, we report the effects of this interaction in two melanoma cell lines that express high levels of this receptor.
Results

p75
NTR interacts with the actin-bundling protein fascin, two-hybrid screening and binding specificity
To identify the proteins interacting with the cytoplasmic domain of p75 NTR , we performed a yeast two-hybrid screen of a rat testis library using the juxtamembrane cytoplasmic domain of p75 NTR as bait (Figure 1a ). This domain is the most highly conserved region in the p75 NTR from all species identified to date, and therefore likely plays an important role in its function. The screen yielded a full-length cDNA clone encoding the actinbundling protein fascin, suggesting a direct interaction between the juxtamembrane domain of p75 NTR and fascin. This finding was confirmed by in vitro binding of the two proteins (Figure 1b) . The fascins are a family of NTR co-immunoprecipitates with the C-terminal end of fascin (aa 236-494). There was no interaction between the N-terminal fragment of fascin (aa 1-235) and p75 NTR (figure not shown) p75 NTR interacts with fascin to induce melanoma metastasis T Shonukan et al globular 55-58 kDa proteins that are evolutionarily conserved from sea urchin to man (Tilney et al., 1998 (Tilney et al., , 2000 Kureishy et al., 2002) . Fascin-1 is expressed in most mammalian tissues, with higher levels of expression in the brain, lung and testis. It binds actin at a stoichiometry of 1:4 and bundles F-actin in vitro (Bryan, 1986; Otto et al., 1979; 1980) . Fascin-2 is expressed in the photoreceptors of bovine and human retina (Tubb et al., 2000) , and may function in the lamellipodial extension of new photoreceptor disks. More recently, a novel paralog of fascin termed fascin-3 has been identified in mouse and human testis (Tubb et al., 2002) .
To confirm the interaction revealed in the two-hybrid system, rat p75 NTR cDNA and full-length myc-tagged mouse fascin cDNA were coexpressed in 293T cells. After immunoprecipitating with a rabbit polyclonal antibody that recognizes the cytoplasmic region of p75 NTR , fascin could be readily detected by Western analysis (Figure 1c ), thereby confirming the two-hybrid interaction between fascin and p75 NTR in cultured mammalian cells. Although the conserved C-terminal domain of fascin is buried, co-immunoprecipitation in 293T cells was unchanged by tagging the protein with the myc peptide at the C-terminal or N-terminal end, most likely because the small size of the myc peptide did not alter the conformation of this domain. Next, we proceeded to elucidate the structural domains of fascin that determine its interaction with p75 NTR . The N-terminal domain of fascin contains a regulatory serine phosphorylation site at position 39 that modulates an actin-binding domain at the C-terminal end (Ono et al., 1997) . We tested these two domains for specific interaction with p75
NTR by co-immunoprecipitating exogenously expressed N-or C-terminal fragments of the protein, and full-length p75 NTR in 293T cells, and we detected a specific interaction between p75
NTR and the C-terminal fragment of fascin, the fascin domain reported to be involved in actin binding ( Figure 1d ).
The interaction between fascin and p75 occurs endogenously in A-875 melanoma cells
Next, we sought to verify the biological relevance of the interaction between fascin and p75 NTR in A-875 and SK-MEL-147 melanoma cells that express both proteins endogenously. A-875 cells express high levels of p75 NTR (Fabricant et al., 1977) comparable to levels of expression in PC12 pheochromocytoma cells (Figure 2a ). NGF-dependent association between p75 NTR and fascin was detected after immunoprecipitating the A-875 cell lysates with a rabbit polyclonal antibody to p75 NTR , and immunoblotting with the monoclonal antifascin antibody ( Figure 2b ). To investigate further the distribution of fascin in the presence or absence of NGF, and its potential colocalization with p75
NTR in melanoma cells, we performed indirect immunofluorescence analysis in A-875 melanoma cells. In the absence of NGF, most of the cells expressed fascin in a diffuse cytoplasmic distribution. However, within a few minutes after treatment with cleavage-resistant pro-NGF, that binds p75 NTR with higher affinity than the mature protein, there was rapid rearrangement of the fascin distribution, with fascin forming more discrete aggregates, and at 30 min, there was visible formation of fascin spikes (Figure 2c ). In addition, we observed colocalization of fascin and p75 NTR in the lamellipodia of A-875 cells (not shown) and the filopodia of SK-MEL 147 melanoma cells after treatment with mature NGF (Figure 2d) . Thus, the NGF-driven association of endogenous p75 NTR and fascin was confirmed in a malignant melanoma cell line. In parallel with the cellular redistribution of fascin in response to NGF, there was faster migration of fascin on SDS-PAGE after treating the cells with NGF (Figure 2e ), suggestive of dephosphorylation of fascin by NGF.
NGF induces increased binding of fascin to the actin cytoskeleton
Immunocytochemical studies revealing that fascin is localized in filopodia, membrane ruffles, stress fibers and microspikes in cultured cells, and genetic analysis and work employing purified proteins in vitro, suggest that fascin bundles actin in vivo. To investigate whether fascin bundles actin in response to NGF, we used the Triton X-100 extraction method to determine the amount of actin cytoskeletal-associated fascin following NGF treatment of wild-type A-875 cells. As shown in Figure 3 , there is some fascin detected in the TritonX-100-resistant cell pellet at baseline. With longer duration of NGF treatment, there was a progressive increase in this fraction such that at 24 h the TritonX-100-resistant fraction was almost equivalent to the total fascin, with no change in the actin control. This result suggests that NGF treatment induces changes that result in the increased association of fascin with actin.
Cleavage-resistant pro-NGF is more potent than NGF in inducing A-875 cell migration
We have recently reported that pro-NGF is a highaffinity ligand for p75 NTR -dependent apoptosis in cells that express both p75 NTR and Trk receptors (Lee et al., 2001) . We therefore sought to determine if it could also induce A-875 cell migration. We observed that cleavage-resistant pro-NGF was five times more potent than mature NGF in inducing the migration of A-875 cells in a modified Boyden chamber chemoinvasion assay, when compared to the effect of mature NGF (Figure 4) .
NGF-induced migration of A-875 melanoma cells is inhibited by Ser39Asp fascin
We hypothesized that mutation of fascin at the site that regulates actin binding would result in a charge mutant that mimics phosphorylation and thereby result in abrogation of actin bundling. To prove that this directed migration was secondary to the effects of fascin, we , and colocalizes with p75 NTR in SK-MEL 147 melanoma cells. Fascin microspikes and lamellae containing actin are formed at the leading edge of motile cells by several cell lines in response to adhesion to different types of extracellular matrix components (Adams, 1997) . Further evidence that fascin may play a role in cell motility is supported by its localization in filopodia and lamellipodia during growth cone morphogenesis in Helisoma (Cohan et al., 2001) , and its overexpression in kidney epithelial cells promotes trans-filter migratory activity (Yamashiro et al., 1998) . A role in cancer cell migration and thereby cancer progression has also been implied as fascin levels are upregulated by C-erbB2/HER-2 in human breast cancer cell lines (Grothey et al., 2000a) , and its expression has been correlated with tumor progression in ovarian cancer, and progression and invasion in hormone receptor-negative breast cancer (Grothey et al., 2000b) .
Neurotrophins in turn have been reported to play a role in the invasive and metastatic stages of malignant melanoma (Iwamoto et al., 1996; Papandreou et al., 1996) . During the progression from benign to the malignant state, some melanoma cells exhibit a degree of transdifferentiation to neural cell phenotypes including the expression of the p75 NTR (Reed et al., 1999) . Expression of this receptor in primary melanomas has been associated with deeply invasive lesions, and reciprocally, high levels of neurotrophins are expressed at the invasion front of normal tissue adjacent to melanoma brain metastases (Nicolson and Menter, 1995) . Therefore, our finding of a specific interaction between fascin and p75 NTR suggested a direct link between NGF signaling and neurotrophin-mediated melanoma cell movement. Recent experiments in our laboratory have demonstrated that pro-NGF is a high-affinity ligand for p75 NTR , and induces p75 NTR -dependent apoptosis in cultured neurons. Our observations extend the functions of pro-NGF to the mediation of cytoskeletal processes involved in cell migration and thereby metastasis.
The interactions identified in these experiments, and specifically our demonstration of a rapid redistribution of fascin in response to pro-NGF suggest a means by which p75 NTR -expressing cells may rapidly reorganize their actin cytoskeleton for motility as a result of binding ligands encountered during navigation. This process is likely to occur physiologically to permit the migration of neural crest cells during embryogenesis, and may be utilized during tumor metastasis. Melanoma cell migration is critical for metastatic lesion development during tumorigenesis, and ligand-induced receptor activation is important in initiating this process. Our discovery of a direct interaction between the p75 NTR and the actin cytoskeleton, mediated by fascin, serves as an important point from which to begin to elucidate the components of the pathway that links signaling events to the generation of force for motility. , IN) , rabbit anti-human p75 NTR antibody was from Promega (Madison, WI, USA), the monoclonal mouse anti-human fascin 55K-2 was from DAKO (Carpinteria, CA, USA), mouse anti-c-Myc was from Zymed (South San Francisco, CA, USA), and the rat testis cDNA library was from OriGene Technologies (Rockville, MD, USA). Cleavage-resistant pro-NGF was generated as described (Lee et al., 2001 ).
Materials and methods
NGF was obtained from Harlan (Indianapolis
Yeast two-hybrid screen
A two-hybrid interaction screen, based on the LexA system was performed in EGY194. The bait consisted of the juxtamembrane cytoplasmic domain of p75 NTR as an inframe fusion protein with the LexA DNA-binding domain. An adult rat testis cDNA library fused inframe with the B42 activation domain of VP16 (OriGene) was screened. Approximately 20 million yeast transformants were screened for their ability to survive in the absence of leucine. Sequence analysis of one of the clones identified a 1.8 kb cDNA clone that encoded fulllength rat fascin.
Generation of plasmids
The juxtamembrane cytoplasmic domain of rat p75
NTR was generated by PCR amplification of rat p75 NTR as template, with the following primers: upstream primer-5 0 AAGA-GGTGGAACAGCTGC.3 0 and downstream primer-5 0 CATTGGGTCGAGCGGACG.3 0 . The full-length mouse fascin in pcDNA3 (Invitrogen) tagged with a 6X c-Myc epitope at either the NH 2 terminus or the -COOH-terminus is as described (Wong et al., 1999) . The N-terminal fascin construct was generated by subcloning an SmaI/ApaI fragment of mouse fascin containing amino acids (aa) 1-235 into the Nterminal FLAG-tagged pCMV-Tag2 vector (Invitrogen). The C-terminal ApaI/NotI fragment (aa 236-494) was subcloned inframe into pcDNA3 (Invitrogen) tagged with a 6X c-Myc epitope at its -COOH-terminus.
Site-directed mutagenesis of mouse fascin
The 3 0 myc-tagged fragment of mouse fascin cloned into pCDNA3.1 was used for oligonucleotide-directed in vitro mutagenesis using the QuikChange Mutagenesis kit (Stratagene). The oligonucleotides used to mutate seine 39 of fascin were 5 0 GAACGCGTCCGCCAGCGACTTGAAGAAGA-AGCAG3 0 for aspartic acid and 5 0 GAACGCATCCGC-TAGTGCCTTGAAAAGGAAGCAG3 0 for alanine. DNA sequencing confirmed the mutation, and the mutated insert was subcloned into the pCDNA3.1 vector, and transfected into A-875 cells.
Cell culture
293T cells were maintained in DMEM containing 10% fetal bovine serum (FBS) supplemented with 100 U/ml penicillin and 2 mm glutamine. A-875 human melanoma cells were similarly maintained in DMEM containing 10% FBS and 100 U/ml of penicillin. Stable transfectants of A-875 cells were maintained in the same media, with the addition of 200 mg/ml of G418. SK-MEL 147 cells were maintained in RPMI 1640 supplemented with 10% FBS.
Transfection of mammalian cells, immunoprecipitation and immunoblotting
Approximately 1.5 Â 10 6 293T cells in 100 mm tissue culture dishes were cotransfected with 5 mg of the full-length fascin NTR interacts with fascin to induce melanoma metastasis T Shonukan et al plasmid and 5 mg of the full-length human p75 NTR in pcDNA3 using 25 ml of Lipofectamine 2000 in 500 ml of Opti-MEM (both from Life Technologies). Deletion mutants of fascin or empty vector were cotransfected with the full-length p75 NTR plasmid. At 36 h after transfection, the cells were lysed in buffer containing 0.5% NP40, 20 mm Tris pH 8.0, 200 mm NaCl, 1 mm EDTA and a protease inhibitor/phosphatase inhibitor cocktail consisting of 2 mg/ml aprotinin, 1 mg/ml leupeptin, 25 mg/ml of PMSF, 1 mm sodium orthovanadate and 5 mm sodium fluoride. Protein lysates from each transfection were centrifuged at 10 000 g, for 15 min at 41C, and the concentration was measured by the Bio-Rad colorimetric assay (Bio-Rad). For immunoprecipitation of transfected 293T cells, 750 mg of protein in 1 ml was incubated with 2 ml of the rabbit antiserum to p75 NTR (Promega) or with preimmune rabbit serum as a control. For immunoprecipitation of endogenous p75 NTR in A-875 cells, lysates containing 2 mg of total protein were incubated with rotation for 3 h at 41C, and immunoprecipitates collected with protein A sepharose. Immunoprecipitates were resolved by SDS-PAGE on a 10% gel, transferred to nitrocellulose, and blotted with antifascin, anti-myc or antiflag antibody as appropriate.
In vitro protein-binding studies
To prepare recombinant fascin for binding assays, cDNA encoding full-length fascin under the control of the T7 promoter in pcDNA3 was transcribed and translated in vitro using the TNT T7-Coupled Reticulocyte Lysate System (Promega, Madison, WI, USA) as described. The nascent protein was labeled using Transcend biotin-lysyl-tRNA (Promega). Briefly, 25 ml of rabbit reticulocyte lysate, 2 ml of reaction buffer, 1 ml of T7 RNApolymerase, 0.5 ml of aminoacid mixture minus leucine (1 mm), 1 mg of template DNA and 1 ml of Biotin-Lysyl-tRNA were mixed in a final volume of 50 ml, incubated for 90 min at 301C, and immediately used for the binding assays. As solid-phase ligands, we used full-length p75 subcloned into pGEX-5X-1 or empty vector (Amersham Pharmacia), produced in E. coli strain BL21-DE3, and isolated from cell lysates by using glutathione Sepharose 4B (Amersham Pharmacia). Aliquots (20 ml) of packed beads were diluted with binding buffer and incubated with 45 ml of the fascin translation reaction in a final volume of 200 ml (overnight at 41C, with rotation). Beads were washed 3 times, resuspended in 20 ml of sample buffer, and boiled for 5 min. Proteins were separated by SDS-PAGE, transferred to nitrocellulose and visualized using HRP-conjugated streptavidin (Promega, WI, USA).
Immunofluorescence analysis
A-875 or SK-MEL 147 cells plated on Nunc Lab-Tek slides coated with collagen were fixed in methanol at À201C for 10 min. Cells were then incubated with rabbit anti-p75 NTR antibody (Promega) (1 : 500) and mouse antifascin antibody (clone 55K-2, DAKO) (1 : 500), in blocking buffer, for the colocalization experiments. Primary antibodies were visualized using fluorescence-conjugated secondary antibodies Alexa 488 and 546 (Molecular Probes, Eugene, OR, USA) (1 : 200 dilution). Images were collected on a Zeiss LSM510 laser scanning confocal microscope.
Cytoskeletal reorganization
Subconfluent cultures of A-875 melanoma cells were treated with or without NGF for 6, 12, 24 or 48 h. A single cell suspension was obtained by trypsinization and 5 Â 10 5 cells pelleted by centrifugation and detergent extracted by suspension in 1 ml of lysis buffer (0.5% Triton X-100, 20 mm PIPES, pH 6.8, 2 mm MgCl 2 , 50mm KCl, 5 mm EGTA, 5 mm dithiotreitol, 1 mm ATP, and 1 mg/ml each of leupeptin, pepstatin and aprotinin) at 41C, and then immediately centrifuged at 8700 g for 3 min. The resulting pellets (containing the Triton X-100-resistant proteins) were suspended in 100 ml of 20 mm phosphate buffer (14.8 mm NaH 2 PO 4 and 5.2 mm K 2 HPO 4 , pH 7.0, and 1 mg/ml each of leupeptin, pepstatin and aprotinin). In parallel, cells were centrifuged and then directly suspended in 100 ml of 20 mm phosphate buffer and represents the total cell extracts. The Triton X-100-resistant proteins and total cell lysates were electrophoretically fractionated by SDS-PAGE and Western blotting with appropriate antibodies.
Chemoinvasion assay
This was performed using the 48-well modified Boyden chamber from Neuroprobe Inc. and rat tail collagen (Collaborative Research)-coated polyvinylpyrrolidone (PVP)-free poretics polycarbonate membranes with 8-micron pores from Osmonics Inc. Wild-type A-875 cells, GFP-transfected A-875 cells or serine39Asp fascin-transfected A-875 cells were passaged sparsely in DMEM containing 10% FBS media, and serum starved for 24 h. In all, 50 ml of cells (2.5 Â 10 4 cells) was plated in the upper sides of the filters in DMEM alone (without G418) while 25, 50 and 100 ng/ml of murine NGF in serum free media were placed in the bottom chamber. Cells were incubated at 371C in a humidified incubator containing 5% CO 2 for 6-8 h, after which filters were fixed with formaldehyde and cells were stained with the Diff-Quik Stain Set (Dade Behring). Migration was quantified by counting the stained cells adherent to the lower sides of the membranes in five fields (under Â 100 magnification) from each of two filters for each condition. Results were expressed as the mean number of cells counted in each well7s.d.
